Skeletal abnormalities are described that appeared in Zic1-de®cient mice. These mice show multiple abnormalities in the axial skeleton. The deformities are severe in the dorsal parts of the vertebrae, vertebral arches, but less so in the vertebral bodies (spina bi®da occulta). The proximal ribs are deformed having ectopic processes. The abnormalities found in the vertebral arches can be traced back to disturbed segmental patterns of dorsal sclerotome. The Zic1/Gli3 double mutants showed severe abnormalities of vertebral arches not found in single mutants. The abnormalities in the vertebral arches were less severe in Zic1/Pax1 mutants than Zic1/Gli3 mutants, but signi®cantly more pronounced than in Zic1 single mutants. The three genes may act synergistically in the development of the vertebral arches. q
Introduction
During vertebrate embryonic development, the paraxial mesoderm is subdivided into somites, which give rise to vertebrae and ribs, the dermis, and the skeletal muscles. Recent studies have shed light on the molecular control of somite compartmentalization. The ventral part of the somites differentiates into sclerotomes which give rise to the axial skeleton except the distal ribs whereas the dorsolateral part develops into the dermomyotome. In this process, Sonic hedgehog (Shh) which is produced by the notochord and the¯oor plate plays an important role in the formation of sclerotome (Johnson et al., 1994; Fan and Tessier-Lavigne, 1994) . The ventral part of the sclerotome expresses a transcription factor, Pax1 (Deutsch et al., 1988) and contributes to the formation of the vertebral body and intervertebral discs. The dorsal sclerotome, on the other hand, forms the vertebral arches. In addition, the spinous processes, the most dorsal part of the vertebral arches, are derived from the sclerotome cells between dorsal epidermis and the neural tube (Takahashi et al., 1992) . However, the factors which de®ne the dorsal properties of a sclerotome remain unknown.
In a previous study, we found that certain members of the Zic family are expressed in somites and their derivatives . Zic family genes encode zinc ®nger-type transcription factors homologous to the Drosophila pair-rule gene odd-paired (Aruga et al., 1994 (Aruga et al., , 1996a Benedyk et al., 1994; Yokota et al., 1996) . There are, at least, four Zic genes in the mouse and these are expressed at multiple sites, including the central nervous system, and in somites and their derivatives . In the somites, Zic1, Zic2 and Zic3 are predominantly expressed initially in the dorsomedial aspects of epithelial balls and later, in the dorsal sclerotome and dermomyotome.
Furthermore, the zinc ®nger domains of Zic proteins are similar to those of Gli proteins (Ruppert et al., 1988; Hui et al., 1995) . Gli genes are also expressed in the somites and their derivatives (Hui et al., 1995) . Disruption of Gli2 and Gli3 results in multiple anomalies including those of the (Mo et al., 1997) . Of note, the abnormalities found in Gli3 mutants were found in the vertebral arches. The individual vertebral arches show irregular shapes and abnormal connections with adjacent vertebrae.
A critical role for Zic genes other than in somite development has been recently shown. Disruption of the mouse Zic1 gene results in dysgenesis of cerebellum where Zic1 expression is highly restricted to later stages of development . Results including those from our laboratory have shown that the Xenopus Zic genes act as early regulators in the neural and neural crest development (Nakata et al., 1997 (Nakata et al., , 1998 Mizuseki et al., 1998; Brewster et al., 1998; Kuo et al., 1998) . In addition, mutation in human ZIC2 (Brown et al., 1998) and ZIC3 (Gebbia et al., 1997) is the cause of the congenital anomalies, holoprosencephaly and heterotaxy (X-linked laterality syndrome), respectively. All these ®ndings suggest that Zic genes exert an essential role at multiple stages and sites of vertebrate development. However, the role of Zic genes in the development of the somites and their derivatives has not yet been clari®ed.
In this study, we examined skeletal abnormalities in Zic1-de®cient mice. These abnormalities are seen in the vertebral arches and ribs, all derivatives of the dorsal sclerotome. The abnormalities could be traced back to a disturbed patterning of chondrogenic mesenchymal cells along the anterior to posterior (AP) as well as the dorsal to ventral (DV) axis. Furthermore, we examined genetic interactions among Zic1, Gli3 and Pax1.
Results

Skeletal abnormalities found in the adult Zic12/2
Visual inspections of adult Zic12/2 mice always revealed the strengthened cervical¯exures and kyphosis in the thoracic region with varying degree of severity. Bone and cartilage stainings were performed to reveal the skeletal defects which account for the abnormal postures in adult mice. The number of vertebrae was slightly decreased in adult Zic12/2 [Zic11/1 or Zic11/2, 58:8^0:5; Zic12/2, 57:3^0:5 (n 4)]. All bones were proportionately smaller compared to the wild type. We observed several alterations in the axial skeleton in Zic12/2 mice while the bony structures of the skull and limbs were not affected so far as examined (data not shown).
In the axial skeleton of Zic12/2 mice, the striking abnormalities were found in the vertebral arches and ribs rather than the ventral structures including vertebral bodies and transverse processes. In the cervical region, the vertebral arches were much thinner than the wildtype (7/7) and ended with very narrow tips (3/7) and the spinous processes were missing (7/7) (Fig. 1B) . Ventral structures of the cervical vertebrae were not signi®cantly impaired. In the thoracic region, deformities and extensive fusions of the laminae of vertebral arches were frequently seen in Zic12/2 mice (5/ 7) and the midline fusion of the arches was often impaired, resulting in spina bi®da occulta (6/7) (Fig. 1B,D) . The frequency of the rostrocaudal fusions of the vertebral lami- nae is higher in the vertebrae caudal to the mid-thoracic region (Table 1 ). The formation of the spinous processes were affected variably, ranging from a complete lack (downward arrowheads in Fig. 1D ) to failure of fusion bilaterally generated spinous processes at the midline (an upward arrowhead in Fig. 1D ). Defects in ventral structures were less severe. Intervertebral discs were occasionally very thin (4/7) (Fig. 1F) . Interestingly, hair color abnormalities were found in the region overlying spina bi®da occulta (Fig.  1H) . This is reminiscent of the nevus found in spina bi®da patients.
Signi®cant abnormalities were also found in the ribs of Zic12/2 mice (Fig. 2) . The proximal parts of the ribs were generally irregular (7/7) (Fig. 2B) . In particular, the dorsal exure of the ribs, known as the angulus costae was thickened. This results in the formation of dorsoposteriorly protruding processes (5/7) (Fig. 2B,D,E) . The distal parts of ribs were slightly affected in some Zic12/2 mice. Articulation between distal tips of ribs and sternum did not occur in a symmetrical fashion (5/7) (Fig. 2F,G,H) . The sterni were also deformed in Zic12/2 mice (Fig.  2F ,G,H). In less affected individuals, the fourth and ®fth sternebrae were fused (Fig. 2G ). In the most severe cases, the shape of the entire sternum was distorted (Fig. 2H) . At birth, the same abnormalities were observed as in young adults in Zic12/2 mice. Vertebral arches in the cervical region, however, were not so thin as observed in young adults (data not shown).
2.2. Skeletal abnormalities found in the developing Zic12/ 2 mice Skeletal abnormalities of Zic12/2 mice were observed as early as embryonic day (E) 14.5 by Alcian Blue staining when the shape of the rib cartilage became clearly visible. At E15.5, abnormalities in the vertebral arches became clear. The dorsal¯exure of the proximal ribs in Zic12/2 mice were widened in comparison to those in Zic11/2 or Zic11/1 mice. Additionally, the primordia of the vertebral arches were irregularly formed and occasionally fused together in Zic12/2 embryos (Fig. 3A±D) .
Since skeletal alterations of Zic12/2 mice were already observed at the time of cartilaginous condensation, defects in the vertebral column development in Zic12/2 mice might involve the process of mesenchymal condensation or early . (E) A typically shaped isolated rib (10th) of P1 Zic11/1 (top) and Zic12/2 (bottom). (F,G,H) Sternum and ventral ribs taken from three week old Zic11/1 (F). In a mild case, the 4th and 5th sternebrae are fused (an arrowhead in G) whereas, in a severe case, positions of all sternocostal junctions are asymmetric (H). In (G,H), the size of the Zic12/2 skeletal component is smaller than in the wild type. The difference re¯ects the different body size. Scale bar 1 mm. Table 1 Frequency of abnormal connections of vertebral arches found in the Zic1/Gli3 or Zic1/Pax1 mutants n 8 n 5 n 7 n 6 n 7 n 7 n 9 n 5 allocation of sclerotome cells. To investigate the role of the Zic1 gene product upon sclerotome development, mesenchymal condensations in the presumptive vertebral arches were examined histologically on the prospective cervical and thoracic regions of E12.5 embryos (Fig. 4A±D ). Mesenchymal condensations in the dorsal region of the sclerotome appeared segmentally in wild type embryos (Fig. 4A ,C) whereas, in the Zic12/2 embryos, the stripes of the presumptive vertebral arches were not apparent (Fig. 4B, D) . In contrast to the dorsal sclerotome cells, the ventral stripes, which correspond to the proximal ribs and transverse processes, did not exhibit considerable alterations. Thus, the basis for the abnormalities found in the vertebral arches of Zic12/2 could be traced to a disturbance in the metameric cartilaginous condensations of dorsal sclerotome cells. In the E10.5 Zic12/2 embryos, we did not ®nd any signi®cant alteration in somite development. Somites clearly differentiated into slerotome, myotome and dermomyotome by histological examination (data not shown). Sclerotome expression of Pax1 was not signi®cantly affected in Zic12/2 embryos (Fig. 5J,K) . Early speci®ca-tion of cranial and caudal compartments of the sclerotome was not impaired in Zic12/2 embryos as demonstrated by the expression of UncX4.1 (Fig. 5N±Q ).
Mutant interactions of Zic1/Gli3 and Zic1/Pax1
Accumulation of spontaneous or induced mutant mice involving defects in the axial skeletal development allowed us to examine whether Zic1 and those mutations function in the same genetic cascade. Gli3 is one of the most interesting genes to investigate functional correlations with Zic1. Both Zic1 and Gli3 can bind to the same target sequence (Aruga et al., 1994; Vortkamp et al., 1995; K.M. and J.A. unpublished observation) . Furthermore, abnormalities in the vertebral arches found in the Gli3 mutant were similar to those of Zic12/2 mice (Mo et al., 1997) . Pax1 is another gene which is useful to see the interaction with Zic1. Pax1 is known to mediate notochordal signals to generate ventral regions of the vertebral column and proximal parts of the ribs (Koseki et al., 1993) . Thus, Pax1 mutation provides a cue to examine the involvement of Zic1 gene products in Shh signaling cascade although skeletal defects were different between Zic1 and Pax1 mutants (Wallin et al., 1994) .
We ®rst compared the expression of the Zic1, Gli3 and Pax1 in the developing somites of E10.5 embryos (Fig. 5) . Both Zic1 and Gli3 were expressed in the dermomyotome and sclerotome but not in the myotome. Zic1 expression was more restricted in the dorsal part of the sclerotome and dermomyotome than Gli3 expression. The most ventral region of the sclerotome as determined by Pax1 expression did not express Zic1 (Fig. 5A,C) . Thus, Zic1 and Pax1 were expressed in the dorsal and ventral regions of the sclerotome, respectively, in a partially overlapping manner. The expression of Zic1 and Gli3 were co-localized in the dorsal part of the sclerotome and dermomyotome while the Gli3 expression in the sclerotome was extended ventrally compared to the Zic1 expression (Fig. 5A,B,E,F) . Signi®-cant difference of Zic1, Gli3 and Pax1 expression were not observed between the anterior and posterior compartments of the sclerotome (Fig. 5E ,F,G, data not shown).
Zic1/Gli3 mutants
The Gli3 mutant used is known as extra-toes J (Gli32), in which a part of the 3 H -end of the Gli3 gene is deleted (Hui and Joyner, 1993) . We ®rst examined the vertebral arch abnormalities of Gli3 and Zic1 single mutants at E16.5 to E18.5 (Fig. 6) . In Gli32/ 2 mice, the vertebral arch formation was most severely disturbed in the cervical region such that two to four vertebral arches were fused together (Table  1, Mo et al., 1997) . Fusion of vertebral arches at the dorsal midline and formation of the spinous processes were also affected in Gli32/2 mice. In contrast, the ventral structures of the axial skeleton and proximal parts of the ribs showed little abnormalities. The vertebral arch abnormalities found in Gli32/2 were found also in the E15.5 and E12.5 embryos (Fig. 3E,F, Fig. 4E,F) . The striped pattern of the dorsal chondrogenic mesenchymal cells was expanded craniocaudally. These ®ndings indicate that the abnormal vertebral arch patterns found in Gli32/2 were similar to those of Zic12/2 mice.
Zic1/Gli3 combined mutants were obtained by the mating of the (Zic11/2, Gli31/2) adults which were apparently indistinguishable from Gli31/2 in their appearance. We compared the patterns of vertebral arches in each genotype at E18.5. It became clear that extensive fusion of vertebral arches along AP axis occurred at all levels of vertebrae in the (Zic12/2, Gli32/2) embryos (Fig. 6) . The vertebral arches of (Zic12/2, Gli32/2) were generally wide and the irregularity of the arches was more severe in the (Zic12/2, Gli32/2) than in (Zic12/2, Gli31/1) or (Zic11/1, Gli32/2) mice (Fig. 6) . In particular, the cervical vertebral arches were extensively fused and formed a plate-like structure (Fig. 6B) . More than 80% of vertebral arches were fused with adjacent arches at all levels ( Table 1 ). The frequency of the fusion in (Zic12/2, Gli32/2) was higher than a mere addition of those in (Zic12/2, Gli31/1) or (Zic11/1, Gli32/2). Furthermore, the frequency of fusion in (Zic12/2, Gli31/2) or (Zic11/2, Gli32/2) showed an intermediate value between Zic12/2 or Gli32/2 and (Zic12/2, Gli32/2) ( Table 1 ), suggesting that gene dosage affects the severity of the abnormalities.
These ®ndings indicate that the abnormalities of the vertebral arches were synergistically enhanced in the Zic1/ Gli3 double mutants. However, other skeletal abnormalities found in the single mutants, such as the protrusion of dorsal ribs in Zic12/2 and abnormalities in the skull and limbs in Gli32/2, were not changed in their severity in the double mutants.
Zic1/Pax1 mutant
Abnormalities in the Pax1 mutant mice are mainly found in ventral structures of the axial skeleton whereas vertebral arches are nearly normal (Wallin et al., 1994) . The abnormality in the Pax12/2 rib is a loss of the proximal part of the 13th rib and is different from that seen in the Zic12/2 mice.
Mutant interaction between Zic1 and Pax1 signi®cantly affected vertebral arch development but not vertebral body or proximal rib formation (Fig. 7) . As observed in Zic1/Gli3 mice, the frequency of abnormal fusion of vertebrae was increased, compared to Zic1 single mutants (Table 1 ). The irregularity of the arches was signi®cantly more severe in (Zic12/2, Pax12/2) than (Zic12/2, Pax11/1). In contrast to the vertebral arches, the vertebral bodies showed little changes in the Zic1/Pax1 double mutants in comparison to the Pax1 single mutant. Defects in the proximal ribs in (Zic12/2, Pax12/2) showed just an addition of the abnormalities found in Zic12/2 or Pax12/2 mice (data not shown). Therefore, Pax1 apparently cooperates with Zic1 during the development of the vertebral arches although defects in (Zic12/2, Pax12/2) mice were much weaker than (Zic12/2, Gli32/2).
Discussion
In this study, we showed that the Zic12/2 mouse involves the abnormalities in the axial skeleton. The abnormalities can be summarized into two categories. One is the disturbed segmental structures, which appeared in the vertebral laminae, intervertebral discs, proximal ribs and sternum. The other is the defect of the most dorsal vertebral arches, which results in spina bi®da occulta and missing spinous processes. Both of these abnormalities indicate a novel role for the Zic1 in the skeletal development.
The role of Zic1 in the maintenance of axial skeletal segmentation
Observations in this study indicates that the segmentation disturbances in the axial skeleton of Zic12/2 mice should be attributed to defects in the maintenance of segmental properties of the sclerotome during cartilaginous condensa- tion rather than early establishment of craniocaudal axis and subsequent segmentation of the somite. The segmentation of the somites and the expression of UncX4.1 in the caudal moiety of the sclerotome were not affected in Zic12/2 mice (Fig. 5 ) while metameric appearance of mesenchymal condensation was impaired at later stages, particularly, in the laminae of the vertebral arches and the proximal part of the ribs. Recent studies in avian embryos suggest that both the vertebral arches and proximal ribs are derived from the posterior half of the sclerotome (Goldstein and Kalcheim, 1992; Huang et al., 1996) . Therefore, the caudal half sclerotome development may predominantly be affected in the Zic12/2 mice, resulting in impaired sclerotome segmentation.
Defects in sternum segmentation in Zic12/2 mice could occur secondarily based on following reasons. Firstly, Zic1 is not expressed in the somatopleural mesoderm in the interlimb region, from which the sternum is known to be derived (Chevallier, 1975) . Secondly, segmentation of the sternum is suggested to be dependent on interactions of sternal and distal rib primordia because lack of the distal components of ribs in Myf5-de®cient mice resulted in a complete disturbance of the sternal segmentation (Braun et al., 1992) . Thus, the sternal defects in the Zic12/2 mice could be due to the impairment of the rib development.
The role of Zic1 in the most dorsal region of the vertebral arches
We also demonstrated that Zic1 is required for the generation of spinous processes of vertebral arches. This process can be divided into early somite differentiation and late mesenchymal condensation of sclerotome cells in the dorsal region. Zic1 may not be required for early differentiation of somites because the expression of Pax1, UncX4.1 (Fig. 5H± K,N±Q) and MFH1 (Iida et al., 1997) in the sclerotome, myogenin (Wright et al., 1989) in the myotome, and Pax7 (Jostes et al., 1990) in the dermomyotome were almost intact in Zic12/2 mice (data not shown). Therefore, mesenchymal condensation of sclerotome cells in the dorsal region may be impaired in Zic12/2 mice. The axial skeletal defects in the dorsal region in Zic12/2 mice is in good agreement with strong expression of Zic1 in the dorsal sclerotome and/or in the dorsal neural tube. Zic1 gene products could be required for appropriate cartilaginous condensation of the dorsal sclerotome cells in cell-autonomous fashion. On the other hand, it had been demonstrated that spinous process formation in avian embryos needs interactions between the dorsal neural tube, surface ectoderm and sclerotome (Takahashi et al., 1992) . The defects in the dorsal neural tube may be involved in the loss of spinous processes in the Zic12/2 mice. Accordingly, we observed a signi®-cant morphological abnormality in the dorsal spinal cord in Zic12/2 mice (J.A., T. Toumonda, S. Homma, K.M., submitted). A similar mechanism may underlie the loss of spinous processes in the Gli3 mutants which shows the abnormality in the spinal cord (Johnson, 1967) .
3.3. Zic1/Gli3 and Zic1/Pax1 act synergistically in the dorsal sclerotome development
The vertebral arch phenotypes in the Zic1/Gli3 and Zic1/ Pax1 combined mutants indicate that these two sets of the genes cooperate in the AP patterning of the dorsal sclerotome. Based on these results, we can consider the role of the three genes in the development and compartmentalization of the sclerotome (Fig. 8) . In terms of the expression in the axial structures, Zic1/Gli3 co-expression was observed in the dorsolateral sclerotome, the dorsal dermomyotome and the dorsal neural tube whereas Zic1/Pax1 co-expression was detected in the intermediate part of the sclerotome.
Zic1/Gli3 synergism may be related to the Zic1/Gli3 coexpression in the dorsolateral sclerotomes and/or in the dorsal spinal cord. Although whether the neural tube is involved in the segmental organization of the axial skeleton is not yet known, it is possible that the loss of the most dorsal vertebral arches secondarily affects the segmental organization of the vertebral laminae. A detailed examination of the spinal cord of these mutants should clarify the roles of Zic and Gli genes in the interactions between spinal cord and sclerotome.
From a molecular point of view, Zic1 and Gli3 proteins Fig. 8 . An interpretation of the results obtained in this study. A transverse section through E10.5 trunk is schematically drawn. Zic1 is expressed in the dorsal dermomyotome, dorsal sclerotome and dorsal spinal cord (light blue and green). Gli3 is expressed in the entire dermomyotome, dorsolateral sclerotome, and dorsal spinal cord (red hatched areas). Pax1 is expressed in the ventral sclerotome (yellow and green), partially overlapping with the Zic1 expression (green). The synergism between Zic1 and Pax1 observed in this study for vertebral formation suggests that the green area is critically involved in the development of this tissue (indicated by a curved arrow), while the synergism between Zic1 and Gli3 can be considered based on the Zic1/Gli3 co-expression at two distinct sites. Firstly, the synergism in the dorsolateral sclerotome may be involved in the segmentation of the dorsal sclerotome, in particular, the vertebral lamina. Secondly, the co-expression in the dorsal spinal cord may be required for the proper development of the most dorsal vertebral arches. dm, dermomyotome; ep, epidermis; m, myotome; nt, notochord; sc, sclerotome.
might be functionally redundant during vertebral arch development since Gli3 expression is not affected in Zic1 mutants and Zic1 expression is not affected in Gli3 mutants (Fig. 5H,I ,L,M). The two proteins may interact with the same target sequences in vivo and cooperate in the transcriptional regulation of the same target genes. It is also possible that the same target molecules other than DNA are recognized by the conserved zinc ®nger domain. Although this study suggests synergism between the Zic and the Gli proteins, Xenopus Zic2 and Gli genes counteract but not cooperate during neurogenesis (Brewster et al., 1998) . Different set of downstream genes or associating factors for Zic and Gli proteins might function in this process.
The sclerotome cells expressing both Zic1 and Pax1 may contribute to the formation of vertebral arches. In support of this possibility, the vertebral arches are known to be derived in part from lateral sclerotome (Verbout, 1985) . Interestingly, the mitosis of sclerotome cells is most active in Zic1/Pax1 co-expressing region (Furumoto et al., 1999) . In the Pax12/2 single mutant, the impaired proliferation in this sclerotome subregion leads to insuf®cient expansion of sclerotome cells. Therefore, Zic1 protein could be involved in the proliferation of the sclerotome cells in this region in collaboration with Pax1 protein. As an alternative explanation, Zic1 and Pax1 proteins might synergistically affect the responsiveness of sclerotome cells to vertebral arch-inductive signals, such as BMP4 (Monsoro-Burq et al., 1996; Watanabe et al., 1998) and PDGF (Helwig et al., 1995; Soriano, 1997) .
Recent studies showed that Shh signal is essential for the development of vertebral column by establishing dorsoventral axis of the somite and subsequently that of the sclerotome (Johnson et al., 1994; Fan and Tessier-Lavigne, 1994; Chiang et al., 1996) . Gli genes are considered to act as a downstream factor of the Shh-mediated signaling cascade (Ruiz i Altaba, 1997). Although the role of Gli3 has not been clari®ed, involvement in the Shh-mediated signaling cascade is possible judging from the phenotypes of the Gli2/Gli3 mutant (Mo et al., 1997) . Pax1 is also a mediator of Shh signals (Koseki et al., 1993) . Genetic interactions of Zic1 mutation with Gli3 and Pax1 suggest the involvement of Zic1 gene product in the Shh-mediated signaling cascade. The molecular nature of these interactions should be clari®ed further.
Experimental procedures
Animals
To mutate the Zic1 gene (Zic12), a portion of the ®rst exon of the wild type Zic1 (Zic11) gene was replaced with a neomycin resistance gene resulting in the deletion of an initiator methionine and three out of ®ve zinc ®nger motifs . Male chimeric mice were mated to C57BL/6N and the progenies carrying the Zic12 mutation were backcrossed twice to C3H/HeN (C3N2). Pups generated by the mating between the C3N2 Zic11/2 parents were used for the analyses of the current study. Further backcrossing to C3H/HeN or C57BL/6N results in a poor survival rate and is not suitable for analyses of postnatal pups. Genotypings were done by PCR on DNA extracted from tails or amnion and umbilical cord.
Mice carrying the extra-toes (Xt
Xt ) mutation (Johnson, 1967; Hui and Joyner, 1993) were obtained originally from the Jackson Laboratory and provided by courtesy of Dr Toshihiko Shiroishi (National Institute of Genetics, Japan). The mice were kept on a C3H background. In this paper, for convenience, the mutated Gli3 allele is referred to as Gli32. Genotyping of the embryos after embryonic day 16.5 (E16.5) was done by scoring abnormal digit patterns (Mo et al., 1997) . Gli32/2 embryos before E12.5 were identi®ed by their head abnormalities (Johnson, 1967) and by PCR using primers (5 H -AGCTCAGTGACATGAGTCA-GAGCAG-3
H and 5 H -GGTCCCCATCATCTATGATGG-CATC-3 H ) which detect a part of mouse Gli3 deleted on Gli3
XtJ mutation. The Pax1 mutant mice (un lacZ , Pax12) contain an insertion of LacZ and the neomycin resistance gene in the third exon of the Pax1 gene. The phenotype is similar to that of Un ex (Dahl et al., unpublished results) . The mutant mice were produced using 129/Sv embryonic stem cells and backcrossed to C57BL/6 for two generations. The generation of the mutants, the phenotype and the genotyping will be described elsewhere.
To generate Zic1/Gli3 or Zic1/Pax1 mutant mice, Zic11/ 2 and Gli31/2, or Zic11/2 and Pax11/2 were mated to obtain double heterozygous mutants. Embryos were obtained from intercross of these mice for skeletal examinations. A total of 86 embryos of Zic1/Gli3 mutants and 82 embryos of Zic1/Pax1 mutants were examined for their genotypes and for their bone and cartilage patterns at E16.5, E17.5 or E18.5. The frequency of each genotype was in accordance with the Mendelian law, suggesting there was little, if any, embryonic death before these stages. The mice were maintained by the Division of Experimental Animal Research, at the Institute of Physical and Chemical Research (RIKEN).
Histology and in situ hybridization
Fixation, paraf®n embedding and Hematoxylin/Eosin staining were performed as previously described (Aruga et al., 1994) . In situ hybridization was performed essentially as described (Shain and Zuber, 1996) . The tissues were ®xed with 4% paraformaldehyde and cryosectioned at 20 mm. Chromogenic reactions were done in a substrate solution containing 10% polyvinyl alcohol. The probes were Zic1 (Aruga et al., 1994) , Pax1 (Koseki et al., 1993) , Gli3 and UncX4.1 (Hui and Joyner, 1993; Mansouri et al., 1997 , gifts from H. Sasaki and P. Gruss, respectively).
Bone and cartilage staining
Skeletal stainings were carried out essentially as described (Hogan et al., 1994) . We found that the cartilage patterns of embryonic vertebral arches were best observed before clearing. Therefore, photographs were taken ®rst after cartilage staining with Alcian Blue (Figs. 7,8) , followed by clearing and successive bone staining by Alizarin Red. Finally, embryos were examined and photographs were taken (Figs. 1±3) again.
The frequency of the abnormal fusion of vertebral arches was determined by microscopic observation of cleared E16 to E18 embryos. The criteria for the abnormal connections between two rostrally or caudally adjacent vertebral arches are, (1) presence of an ossi®ed bridge, (2) continuous cartilage at the tip of the arches and (3) complete absence of the slit in the cartilage corresponding to the zygapophysial joint.
